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EC as jet substructure

Energy correlators as jet substructure

See also Lan's talf
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EC as jet substructure

Collinear Limit of Energy Correlators
F. Ore, Sterman, “79

Basham, Brown, Ellis, Love, “78-79
Sveshnikov, Tkachov, 95

* In the collinear limit, 2;; — 1 (i.e. H?j — 0), give rise to Korchemsky, Sterman, 01
Hofman, Maldacena, 08

Theoretical tools

Phenomenological tools

: Light-Ray OPE
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* Jet substructure study * Light-ray Operator Product Expansion (OPE)



EC as jet substructure

Energy correlators as jet substructure

Komiske, Moult, Thaler, Zhu, “22
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* Want to be able to extend the formalism to study energy correlators as jet substructure at the LHC!



EC as jet substructure

Energy correlators at e e~

do BB 1 — cos xij
Z =2 v (- =7

2 2
For convenience, cumulant: Y] < Z, In Q—, M) L / dz’ d_o' (Z In Q—, ,u>
p? 0o Jo  dz p?

[lnj Z/ZLL —1/(G+ 1) xIn? ™ 2 and 6(z) = 1

* In the collinear limit, z — 1 (i.e. X?j — 0), factorizes as (using SC!

Z( an—Q,,u) /1d:z:‘x2f<ln 23322@2,#> .ﬁ(:):,@—j,,u>
s 0 M P
HEEC ~ V2 Q b ~ Q
Hard function
j: { Ty J } (source)
E; B
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Dixon, Moult, Zhu, " | 9




EC as jet substructure

Energy correlators at e e~

do EZEJ 1 — cos Xij

2 Z 2
For convenience, cumulant: Y, z, 1n Q—, T = ! / dz’ d—O- z/, In Q—, !
p? oo Jo  dz p?

@ [lnjz/z}+%1/(j+1) x It 2 and  §(2) — 1
o)

* In the collinear limit, z — 1 (i.e. X?j — 0), factorizes as (using SC!
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EC as jet substructure

Dixon, Moult, Zhu, " | 9

Energy correlators at e e~

do BB 1 — cos xij

N(2) = 10 (a,) 2 e == E()E () =07 Y O (i)

2

power-law behavior with scaling from twist-2 spin-3 anomalous dimension, related to OPE.

do
3) >0 — z—1|,0=0

(L]

5, alone!

can be computed using OP!



EC as jet substructure

Energy correlators at ¢

do EZE]

o

1 — cos xi;
2

* In non-CFTs (like QCD), there is competition between beta functions
and twist-2 spin-3 anomalous dimension.

0.04

z(1-2)/0, do/dz

0.02

0.01

Dixon, Moult, Zhu, " | 9

006 T T T T

0.05

0.03

e Te ™ EEC for small z (Q = My)
l T T T T l T T T T | T T T T

—— NNLL + NLO

| a, = 0.118, n; =5, u = Q

—— NLL

—— NLO (exact)

| | | | | | | | | | | | | | | | | | |
0 0.05 0.1
Z

0.15 0.2

z(1-2)/0, do/dz

0.10

0.08

0.06

0.04

Higgs EEC for small z (Mg = My)

0.12 | ag = 0.118, ny =5, pu=Q

T I T T T T | T T T T | T
NNLL + NLO

—— NLL

NLO (exact)
LO (exact)

0

| | | | | 1
0.05 0.1 0.15 0.2

zZ

* Higher scale would give larger window of region where the contribution from the twist-two anomalous dimension

dominates over that of beta function, giving phenomenological connection to Light-ray OPE and other CFT techniques

* Higher energy provides more particles 1n jet, allowing us to study higher-point correlators

—> Jets at the LHC!

e Smaller NP corrections

8



EC as jet substructure

Energy correlators at e e~

do EZE] 1 — cos Xij
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Dixon, Moult, Zhu, " 19

* Higher scale would give larger

dominates over that of beta fun

* Higher energy provides more particles 1n jet, allowing us to study higher-point correlators

* Smaller NP corrections 9 —> Jets at the LHC!



Jet Fragmentation Functions

The jet fragmentation function pp — (jeth) X

Factorization
dopp—iet(h)X

= Z faja ® foy ® Hoy ® G2 (2n)

Apranazy a,b,¢ AQCD pr prit

where z;, = pc}f/ T
z = pr/PT

* Jet dynamics factorized from the rest of the process.

* The jet function g? (Z h) describes production of hadron h inside the jet initiated by the parton c.

IR sensitive and requires matching

Gl (2, 2, pr R, 1) Z/ —jag 2,z,prR, u) D” (Zx—hau)
pr R AqQcp

' : llinear FF
matching coefficients collinea S

Collinear JFFs can be related to collinear FFs

Procura, Stewart

Jain, Procura, Waalewijn,

Arleo, Fontannaz, Guillet, Nguyen
Kaufmann, Mukherjee,Vogelsang
Kang, Ringer,Vitev

Dai, Kim, Leibovich

10
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15
16
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Kang, KL, Zhao “20

Also, Collins, Soper, Sterman "81-89
Nayak, Qiu, Sterman "05



Jet Fragmentation Functions

The jet fragmentation function pp — (jeth) X

Factorization

“h

gh (2, zn, pr R, 1) Z/ —JLJ z, 2, pr R, 1) Dh (?,,u)
* At NLO, diagonal part for quark case:
- @ép C D ’
1

i Both particles in jet

Only quark 1n jet

A
[

5(1—lz) 5(1|—zh) p

Jet algorithm: Ountik, =0 (2(1 —2)prR — qr) Oanti-kr = 0 (g7 — (1 — x2)prR) |
H;, " pH = pPr
Taq(2, 2nywy, ) =0(1 — 2)6(1 — 2p) + %{L [qu(zié(l — 2p)|— Pyq(2n)0(1 — 2)] G A 0 = prR
i In(1 — |
+16(1 — 2)||2Cr(1 + 23) ( ng z”)) + Cr(1 — 2z3) + I8 (2n)
- ~ %h + - DK 1 GeV

1 —2

— 10(1 — zp) -QCF(I + 2°) (111(1 - z))+ +CFr(1 - Z)- } , 2 DGLAPs



EC as jet substructure Jet Fragmentation Functions EC at the LHC Beautiful and Charming EC

The jet fragmentation function pp — (jeth) X

* Light charged hadrons ~_ 10"
Arleo, Fontannaz, Guillet, Nguyen " [ 4 R (V= P+£Tf;SZS6OEG|V| anfi-6kT
Kaufmann, Mukherjee,Vogelsang "1 5 G - ° =M<t
Kang, Ringer.Vitev 16 = osl CMS R=0303<ml<2
Neill, Scimemi,Waalewijn "1 6 u
* Photons 101
Kaufmann, Mukherjee,Vogelsang " 16 —
10° =
* Heavy flavor mesons =
Chien, Kang, Ringer,Vitev, Xing "1 5 10"
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6 —
Anderle, Kaufmann, Stratmann, Ringer,Vitev " | 7 10° =
 Quarkonia . -
Baumgart, Leibovich, Mehen, Rothstein " |4 10 B
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6 -
Kang, Qiu, Ringer, Xing, Zhang "7 10
Bain, Dai, Leibovich, Makris, Mehen "7 —
-1
e Polarized hadrons 10 B
Kang, KL, Zhao 20 Al
s 107°
F(zn,pr) =
S dprdndzy, dprdn 107

12 h



EC as jet substructure Jet Fragmentation Functions EC at the LHC Beautiful and Charming EC

The jet fragmentation function and energy correlators

Factorization
doPP—iet (ENC)X

dprdnd{(}

— Z fa/A & fb/B o Hgb o gc({C})
a,b,c AQCD pr priR p

pT\/E

where {C} stands for the collection of angles in N-point cortrelators

1
Ge (2, {C},pr R, 1) = Z/O dx ™ Jij (2,2, prR, 1) Jeec ({C}, z, 1) P
j

e JrrC is the same EEC jet function as eTe~ case (can use track or other cases too)
*Energy correlators are expectation values on a state |U) do . )
| T (WIE () € ()] V)
In e" e, the state 1s created by a local operator. ¢}

* As discussed, G, , describes how jet algorithms are used to “create” the state |¥) in which energy
correlators are measured.

* More formally, ) = Z cs.i|¥s i) whered, j are the quantum numbers of the celestial sphere.

0,7 Chen, Moult, Sandor, Zhu "22

13 Chang, Simmons-Duffin “22



EC as jet substructure

Jet Fragmentation Functions

EC at the LHC Beautiful and Charming EC

2-Point Energy correlators at the LHC

e~ 2pyrvVz~prrRe

do
dR 1

3.0 .
| \
sl Two-Point Energy Correlator
¢ CMS Open Data
: do
ar oM } = NLL
1.5/ . {
1.0¢
0sl } . AKS5 Jets, n||l< 1.9
ot { } + pr = 500-55(0 GeV -
OO_'i ! ! ! [ L ! [y ! ! |'.|.||A__
0.001 0.005 [0.010 0.050 0.100 0500 1
Ry ~ Aqcp RL Ry ~ Riet
PJ.T

14

e One can see clear transition between the
perturbative and hadronization regions.

* Perturbative region agrees well with the data
without any soft drop grooming, trimming, pruning, etc.

* At very small angle, the result 1s consistent with
uniformly distributed freely propagating hadrons.

KL, Megaj, Moult, "22



EC at the LHC

Projected Energy correlators at the LHC

w~2prrvz~prrRL

NP (R 1) = / 4{CY 6 (Ry, — max[{C}]) TR ({Ch . p)

* Integrate over all shapes with fixed largest angle, R

* Related to the OPE limit of the N-point correlators,
scales as twist-2 spin-(N+1) anomalous dimension in the conformal limit.

Space of 3-point correlator

15 KL, Megaj, Moult, "22



EC as jet substructure Jet Fragmentation Functions EC at the LHC Beautiful and Charming EC

Projected Energy correlators at the LHC
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| — } A * £ e - } other jet substructure
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Beautiful and Charming EC

EeautLﬁ[ and Cﬁarming energy correlators

* What happens if we consider energy correlators
between heavy meson and other particles in a heavy jet?

M

* Heavy quark suppresses gluon emission around the angular region 0 < o
T

dead-cone

* Recently, ALLICE collaboration made a direct observation of the dead-cone etfect

ALICE Collaboration 22 (Nature)

* Sophisticated reclustering techniques.
g T [ Fuyrecusierede Can we observe the dead-cone effect statistically using energy correlators?

- Charm quark
*  Gluon emission vertex
Emitted gluon
0, >0,>... >0

17 KL, Mecaj, Moult, In Progress



Beautiful and Charming EC

beautiful and charming energv correlators
4 gy

* What happens if we consider energy correlators
between heavy meson and other particles in a heavy jet?

* Virtual diagrams are no longer scaleless, M acts as an IR regulator.

e ® @5 2R X2 =5(2) + O‘ﬁF :5(,2) (— (mgg>(3)+w;2>(3)) EULV ~ %) +3i3—22£0 (%zﬂ ,
Virtual e k . Jgaing(z, M, n) =6(z) (1 + aZiF [— (%52)(3) + %(12)(3)) <€ULV +In ]\'L;—22> ~ %])
|
where §° = ]\2422 & z =~ R—%
* UV poles match the light jet case as expected @7z 4

* Can be matched to the heavy quark fragmentation functions

8 KL, Mecaj, Moult, In Progress



Beautiful and Charming EC

EeautLﬁ[ and Cﬁarming energy correlators

2.0 T | T T T | T T T T |

- EEC(heavy)/EEC(light) I i
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* One observes clear turning around heavy quark scale (both from Pythia and the fixed order calculation).

* Suppression at small angle can be interpreted as a direct signature of the dead-cone

19 KL, Mecaj, Moult, In Progress



Beautiful and Charming EC

Beauuﬁ[ and Cﬁarming energy correlators

E3C(heavy)/E3C(light)

* One observes clear turning around heavy quark scale (both from Pythia and the fixed order calculation).

* Suppression at small angle can be interpreted as a direct signature of the dead-cone

20



Normalized EEC
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Venturing into precision calculations

Two-Point Energy Correlator
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Outlook

Czakon, Generet, Mitov, Poncelet "2 |
Partial results computed

NNLO semi-inclusive hard function A
dO.pp—>jet(N—proj)X }

__ ) He¢ N —proj R
dprdndRy g;cf /TA®f?/B® ab DG, (Rr)

NNLO PDFs \/
NNPDFs, CTEQ, ...

1 * Unprecedented precision calculation of
Qi\l_proj (z, Rp,,prR, 1) = Z / dwa:NjL-j (2,2, prR, 1) JgggroJ (Rp,, x, 1t) jet substructure on the horizon!
: 0
7 ! ! 74
A Projected ENC jet function
Partial results Available even for the track casel Chen, Moult, Zhang, Zhu, *20
KL, Liu, Moult, In progress Li, Moult, van Velzen, Waalewijn, Zhu, "2 |

Jaarsma, Li, Moult, Waalewijn, Zhu, "22
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